Early secretory antigen 6 (ESAT-6) and cell filtrate protein 10 (CFP-10) are two antigens secreted as a complex by the replicating Mycobacterium tuberculosis complex (MTC). Recently, an immunochromatographic assay (ICA) using a monoclonal antibody against the ESAT-6/CFP-10 complex was developed for the purpose of MTC detection. In this study, the efficacy of the assay was tested with 603 BACTEC cultures that were incubated for 3 additional days after positive signals appeared in the BACTEC MGIT 960 system. Bacterial isolates were recovered from these 603 BACTEC cultures, and 332 MTC isolates, 270 nontuberculosis mycobacterial isolates, and 1 Nocardia isolate were identified by using standard biochemical assays. The ESAT-6/ CFP-10 assay detected 322 MTC cultures, resulting in a sensitivity of 97% and a specificity of 97.4%. To reduce the false-negative rate and improve the sensitivity, either serpentine cording in an acid-fast bacillus stain of the cultural smear, the ESAT-6/CFP-10 assay, or a combination of both was used for MTC detection. The sensitivity was then increased to 99.1%, and the negative predictive value increased to 98.9%, but the specificity decreased to 94.8% and the positive predictive value decreased to 95.9%. However, a combination of serpentine cording in cultural smears and the positivity of the ICA resulted in the specificity and positive predictive values of 100%. Therefore, BACTEC cultures with both serpentine cording and positivity of the ESAT-6/CFP-10 assay could be reported to contain MTC directly. The ESAT-6/CFP-10 assay may be an alternative of the Capilia assay (MPB64-ICA) as a convenient and cost-effective method for identification of MTC in culture.
Tuberculosis (TB) is a major public health problem that leads to almost two million deaths annually. The disease is caused by Mycobacterium tuberculosis complex (MTC). Early diagnosis of patients infected with MTC and early treatment to prevent further spread are key issues in TB control (17) .
The World Health Organization (WHO) recommends the use of liquid culture systems for mycobacterial species identification and drug susceptibility tests, regardless of whether they are carried out in developed, middle-income, or low-income countries (16) . The BACTEC MGIT (mycobacteria growth indicator tube) 960 system (Becton Dickinson, Cockeysville, MD) is a fast, sensitive, and fully automated mycobacterial liquid culture system. Clinical specimens may be applied to culture tubes and cultivated in the system. After cultivation for 4 to 12 days, with a median of 5 days, tubes with mycobacterial growth are identified by the system (hereafter referred to as positive BACTEC cultures) based on oxygen usage in the medium and fluorescence emission. An acid-fast bacillus (AFB) smear is then performed on the positive BACTEC cultures to exclude the possibility of contamination by drug-resistant bacteria. With positive BACTEC cultures that are also AFB positive, colony isolation and identification are carried out using conventional biochemical methods for differentiation of MTC from nontuberculosis mycobacteria (NTM), which can take more than a month (25) . The WHO has emphasized the importance of shortening the turnaround time of this process in mycobacterial laboratories (16) . There are suitable molecular alternatives that are much faster than the conventional biochemical methods, such as AccuProbe (Gen-Probe, Inc., San Diego, CA), hsp65 PCR restriction enzyme analysis (hsp65 PRA), and 16S rRNA gene sequencing (8, 19, 20, 21) . Because MTC grown in liquid medium often exhibits serpentine cording in the acid-fast stain, the presence of serpentine cords in cultural smears has been suggested for use as a rapid presumptive identification of MTC in positive BACTEC cultures (19) .
Proteins that are secreted into the extracellular environment by MTC are known to elicit MTC-specific immune responses and are of diagnostic value. Such major proteins include MPT64, MPB70, MPT63, MPT80, MPT45, and ESAT-6/CFP-10 (15). The MPB64 antigen has been used in the immunochromatographic assay (ICA; the Capilia assay) for rapid differentiation of MTC in liquid cultures, including BACTEC cultures, with specificity and sensitivity values greater than 96% (9, 19, 23) . False-negative findings, likely resulting from low bacterial amounts in the cultures or mu-tations in the mpb64 gene of the bacteria, have been reported (9) .
Early secretory antigen 6 (ESAT-6, 6 kDa) and cell filtrate protein 10 (CFP-10, 10 kDa) are two specific MTC antigens. They are heterodimers in their natural state and are secreted in the early growth stage as MTC grows. These two antigens have been applied to the QuantiFERON TB-Gold and T-spot tests for rapid diagnosis of latent TB or active TB in blood samples (4, 5) . Recently, an ICA using the ESAT-6/CFP-10-specific monoclonal antibody for detecting MTC in liquid cultures was developed (Formosa Biomedical Technology Corp., Taiwan). Like the Capilia assay and other ICAs, the ESAT-6/CFP-10 complex strip assay is rapid (15 min), is easy to use, and does not require expensive instruments. In the present study, the performance of the ESAT-6/CFP-10 strip assay and the serpentine cording of cultural smears for detection of MTC in positive BACTEC cultures were evaluated.
MATERIALS AND METHODS
Clinical specimens and smear morphology. From 1 January to 31 December 2008, 3,010 sputum samples, transbronchial aspirates, or bronchoalveolar lavage specimens were collected from patients clinically suspected of having TB. The specimens were digested and decontaminated with N-acetyl-L-cysteine and 2% sodium hydroxide (NaLC-NaOH) (6) . The processed specimens were concentrated using centrifugation, inoculated into MGIT culture tubes, and incubated in the BACTEC MGIT 960 system (Becton Dickinson, Cockeysville, MD). Once a positive signal was reported by the system, smears from the resultant deposits of the culture tubes were screened for AFB by using the Kinyoun method (6) . Serpentine cording morphology was observed using microscopic examination (magnification, ϫ1,000) and recorded in a blinded fashion (i.e., by an observer who did not know the molecular or ICA results for that sample). Serpentine cord (or cord) morphology indicates rope-like aggregates in which the long axes of the bacteria parallels the cord. Spot morphology indicates short bacilli and cocci coexisting in small aggregates or in dispersed cells. Needle morphology indicates bacilli in palisade forms or in dispersed cells. Ladder morphology indicates bacilli in cross-barring (19) .
Identification of mycobacterial species by using biochemical methods, hsp65 PCR-restriction enzyme analysis, and 16S rRNA gene sequencing. Positive BACTEC cultures that were also acid-fast stain positive were subcultured on Lowenstein-Jensen (LJ) slants and incubated at 37°C in a 5% CO 2 atmosphere. Colonies on the LJ slants were used for species identification using conventional culture and biochemical methods. These methods included growth rate, photoreactivity for pigment production, morphology in microcolonies on LJ slants, and biochemical tests, including the following: nitrate reduction, arylsulfatase (3 days), Tween 80 hydrolysis (3 days), urease, semiquantitative catalase, tolerance to 5% NaCl, and niacin production (6, 25) .
In addition, positive BACTEC cultures also underwent species identification by hsp65 PCR-restriction enzyme analysis (hsp65 PRA) (20) . DNA was extracted from either the positive BACTEC cultures using the DTB specimen processing kit (Becton Dickinson) (23) or from microcolonies on LJ slants using the 2% sodium dodecyl sulfate (SDS) and 10% Triton X-100 method (18) . hsp65 PRA was performed according to the method of Telenti et al. (20) and the PRASITE database (http://app.chuv.ch/prasite/index.html).
If identification results using the biochemical methods were different from identification results by hsp65 PRA, 16S rRNA gene sequencing was performed. The mycobacterial DNA extracted from either the positive BACTEC cultures or from microcolonies on the LJ slants was used as a template, and the oligonucleotides 8FPL (5Ј-AGT TTG ATC CTG GCT CAG-3Ј) and 1492 (5Ј-GGT TAC CTT GTT ACG ACT T-3Ј) were used as primers for PCR and sequencing of the 16S rRNA gene (21) . DNA sequences of the 16S rRNA gene were compared to the NCBI nucleotide database, and mycobacterial species were identified (21) . In some cases, DNA extracted from MTC microcolonies on the LJ slants was further used for identification of M. bovis or M. tuberculosis using PCR, according to the method of Bakshi et al. (1) .
Detection of MTC by the ESAT-6/CFP-10 ICA. Positive BACTEC cultures that were also acid-fast stain positive were used for the ESAT-6/CFP-10 complex strip assay (Formosa Biomedical Technology Corp., Taiwan; Fig. 1A ) according to the manufacturer's recommendations. To increase the detection sensitivity, the culture was left in the BACTEC MGIT 960 instrument for ESAT-6/CFP-10 ICA at day 3 after positive signals appeared.
A total of 100 l of sample from positive BACTEC cultures was applied to the test well of the strip. A red-purple band appearing on the strip within 15 min indicated the presence of MTC in the cultures. No band appearing within 15 min indicated a lack of MTC in the cultures. The control band containing anti-mouse immunoglobulin G antibody should be positive in each test (Fig. 1B) .
Agreement and discrepancy analysis. Species identification using conventional biochemical methods, hsp65 PRA, and/or 16S rRNA gene sequencing was considered the gold standard. The proportion of agreement and the correlation coefficient between identification results from serpentine cording in cultural smears and the gold standard and those between identification results from the ESAT-6/CFP-10 strip assay and the gold standard were determined. They were represented as the sensitivity, specificity, positive predictive rate, negative predictive rate, and likelihood ratio.
If the results from identification using the ESAT-6/CFP-10 ICA were different from the gold standards, a repeated ESAT-6/CFP-10 ICA strip test was performed with the same culture that was left in the BACTEC MGIT 960 instrument for seven additional days after the initial strip test.
RESULTS
Mycobacterial species identification using conventional biochemical methods, hsp65 PRA, and 16S rRNA gene sequencing. In all, 3,010 clinical specimens were collected and processed from 1 January to 31 December 2008, and 630 specimens were found to be positive for mycobacteria using the BACTEC MGIT 960 system. Of the 630 positive BACTEC cultures, 603 demonstrated a positive AFB smear in the Kinyoun acid-fast stain, and 23 of these were mixed cultures of AFB and other bacteria. The other 27 positive BACTEC cultures were negative for AFB smear. Thus, the contamination rate was 7.9% (50/630). The 603 mycobacterial strains were isolated and purified on LJ slants and identified by using the conventional biochemical methods. The results are shown in Table 1 .
Of the 603 positive MGIT samples, 332 cultures contained MTC, 1 culture contained Nocardia spp., and 270 cultures
, and Mycobacterium spp. that could not be identified (referred to here as "unidentified") using the biochemical methods (n ϭ 8).
DNA from the 603 positive BACTEC cultures was extracted, and hsp65 PRA was performed for species identification directly from the cultures. As shown in Table 1 , hsp65 PRA identified 591 cultures with the same results as the biochemical methods did, which included 332 MTC-containing cultures and 259 NTM-containing cultures. The remaining 12 cultures included 8 cultures and 1 culture that were identified using the biochemical methods to contain Mycobacterium spp. and Nocardia spp., respectively, but were unable to be identified by hsp65 PRA and 3 cultures that were identified using the biochemical methods to contain M. scrofulaceum but were found to contain M. gordonae (type 3) using hsp65 PRA. These 12 cultures were further identified using 16S rRNA gene sequencing, and the results were the same as those from identification using hsp65 PRA. We therefore concluded that the three cultures identified using the biochemical methods to contain M. scrofulaceum indeed contained M. gordonae (type 3).
Mycobacterial species identification using an acid-fast stain. The Kinyoun acid-fast stain was performed on the 603 positive BACTEC cultures, and the smear morphology was recorded. Of the 603 AFB-positive cultures, 314 cultures showed serpentine cord morphology, including 307 MTC-containing cultures, 6 M. abscessus-containing cultures, and 1 culture containing unidentified mycobacterial species (Table 1) . Therefore, the use of serpentine cord morphology in cultural smears for the diagnosis of MTC in positive BACTEC cultures had a sensitivity of 92.5% and a specificity of 97.4%.
Daily Table 1 . Of these samples, 322 MTC-containing cultures and 7 NTM-containing cultures showed a visible positive pink signal in both the sample band and the control band within 15 min with the ESAT-6/CFP-10 ICA, whereas the remaining 10 MTC-containing cultures, 263 NTM-containing cultures, and 1 Nocardia-containing culture only exhibited a positive signal in the control band. The seven NTM-containing cultures that were positive in the ESAT-6/CFP-10 ICA (false positives; Table 1 ) included one M. kansasii-containing culture (type 6), one M. gordonae-containing culture (type 3), two M. abscessus-containing cultures, one M. fortuitum-containing culture, one M. intracellulare-containing culture, and one culture containing an unidentified mycobacterial strain. Therefore, detection of MTC on day 3 after positive signals appeared by ESAT-6/ CFP-10 ICA had a sensitivity of 97% and a specificity of 97.4% (Table 2) .
Detection of MTC by combining the ESAT-6/CFP-10 ICA with serpentine cording in cultural smears. The ESAT-6/ CFP-10 ICA misidentified 10 MTC-containing cultures (false negatives; Table 1 ). To reduce the false-negative rate and improve the sensitivity, serpentine cord formation, positivity in ESAT-6/CFP-10 ICA, or a combination of both methods was used to detect MTC and the sensitivity and the negative predictive value (NPV) were increased to 99.1 and 98.9%, respectively, but the specificity and the positive predictive value (PPV) were decreased to 94.8 and 95.9%, respectively (Table  2) . If MTC was identified only when both the serpentine cord morphology and the ESAT-6/CFP-10 ICA were positive, the sensitivity and NPV were decreased to 90.4 and 89.4%, respectively, but the specificity and PPV both improved to 100% (Table 2 and Fig. 2 ). Because the combination of the serpentine cord morphology and the ESAT-6/CFP-10 strip assay showed specificity and PPV of 100%, positive BACTEC cultures that were also positive using the ESAT-6/CFP-10 ICA and showed cord morphology could be reported to contain MTC directly (Table 2 and Fig. 2 ). For positive BACTEC cultures that were either negative with both assays or positive with one assay and negative with the other assay, the cultures could contain MTC or NTM. Positive BACTEC cultures that were negative with both assays could also contain Nocardia spp. (Fig. 2) .
Analysis of the false-negative and false-positive cultures using a repeated ESAT-6/CFP-10 ICA. A total of 46 positive BACTEC cultures, including 32 MTC-containing cultures and 14 NTM-containing cultures, showed discordant results from identification using the gold standard method (biochemical methods, hsp65 PRA, and 16S rRNA gene sequencing), serpentine cording in cultural smears, and the ESAT-6/CFP-10 ICA. Of the 32 MTC-containing cultures with discordant results, 7 cultures showed cord morphology but were ESAT-6/ CFP-10 ICA-negative, 22 cultures showed non-cord morphology (11 cultures, spot morphology; 11 cultures, needle morphology) but were ESAT-6/CFP-10 ICA positive, and 3 cultures showed non-cord morphology (needle morphology) and were ESAT-6/CFP-10 ICA negative. Of the 14 NTMcontaining cultures with discordant results, 7 showed cord morphology but were ESAT-6/CFP-10 ICA negative (6 cultures contained M. abscessus and 1 culture contained an unidentified NTM), and 7 cultures showed non-cord morphology but were ESAT-6/CFP-10 ICA positive (2 cultures , and an unidentified NTM were found in 1 culture each and showed spot, needle, needle, ladder, spot, and spot morphologies, respectively).
Regarding the ESAT-6/CFP-10 ICA, all of the 10 falsenegative and 7 false-positive cultures were assayed again 1 week after the initial assay. In addition, since M. kansasii, M. szulgai, and M. marinum were reported to secrete ESAT-6 and CFP-10, cultures of these NTM species might show crossreactivity with the ESAT-6/CFP-10 ICA (22) . Thus, the other 16 M. kansasii-containing cultures (9 type 1 and 7 type 2) and the 1 M. szulgai-containing culture that were ESAT-6/CFP-10 ICA negative also underwent another strip assay 1 week after the initial assay. During this week, these cultures remained in the BACTEC MGIT 960 system for incubation. The results showed that, of the 10 false-negative MTC cultures, 9 were positive but 1 was still negative with the repeat strip assay. The method of Bakshi et al. (1) Table 1 .
b Likelihood ratio ϭ sensitivity/(1 Ϫ specificity). c This indicates that both serpentine cording in smear and positivity in the ESAT-6/CFP-10 ICA were required in order to identify the culture to contain MTC.
d This means that either serpentine cording in smear, positivity in the ESAT-6/CFP-10 ICA, or a combination of both alone was sufficient in order to identify the culture to contain MTC.
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VOL. 49, 2011 ESAT-6/CFP-10 ICA FOR MTC IDENTIFICATIONtested, all were positive in the repeat assay despite only 1 M. kansasii-containing culture (type 6) being positive with the initial assay. It was concluded that M. kansasii strains secreted ESAT-6 and CFP-10 antigens no matter whether they belonged to M. kansasii type 1, 2, or 6. The remaining six false-positive cultures included one, one, one, two, and one cultures that contained M. gordonae (type 3), M. intracellulare, M. fortuitum, M. abscessus, and an unidentified NTM, respectively. All of them showed non-cord morphology and positivity with the initial strip assay. With the repeat assay, the one M. gordonae-containing culture (type 3) and the one culture that contained an unidentified NTM were still positive, but the other four cultures were negative. Then, the other 16 M. gordonae-containing cultures (6 type 1, 6 type 2, and 4 type 3) and 7 unidentified NTM-containing cultures that were ESAT-6/CFP-10 ICA negative in the initial strip assay also underwent the repeat strip assay. One M. gordonaecontaining culture (type 3) turned out to be positive, while the other 22 cultures remained negative with the repeat assay. It appeared that some M. gordonae type 3 strains were able to secrete ESAT-6 and CFP-10 antigens.
Quantitative analysis of the detection sensitivity of ESAT-6/CFP-10 ICA. In order to analyze the detection sensitivity of ESAT-6/CFP-10 ICA, one MTC-containing BACTEC culture was randomly chosen and adjusted to a turbidity of McFarland standard 1.0 with MGIT medium, which corresponds to a mycobacterial concentration of 3 ϫ 10 8 CFU/ml. The culture was serially 10-fold diluted with MGIT medium, and 100-l portions of the dilutions were assayed using the ESAT-6/CFP-10 ICA. The minimal concentration of MTC in the BACTEC culture for identification by ESAT-6/CFP-10 ICA was found to be between 3 ϫ 10 4 and 3 ϫ 10 5 CFU/ml.
DISCUSSION
Early diagnosis and early treatment are the most important policies for TB control. However, treatment delay or management delay has frequently been mentioned. In most cases, the prolonged time for identification of MTC in the suspected specimens is the bottleneck for such delays. Even though MTC may already be highly suspected in some cases, doctors must still wait for final culture and identification results to decide whether to proceed with antibiotic treatment (12) . It is vitally important to reduce the turnaround time of culturing and identification based on the WHO's recommendation.
ESAT-6 and CFP-10 are secreted in the early growth stage of MTC. A combination of these two molecules provides specific and sensitive targets for the detection of MTC infection. ESAT-6 and CFP-10 naturally form a tight 1:1 complex, and both proteins adapt to form a stable, fully folded structure as a heterodimer (18) . ESAT-6/CFP-10 has been used for vaccines, skin tests, and the gamma interferon release assay (IGRA) (2, 13, 24) . In our study, we used a monoclonal antibody of ESAT-6/CFP-10 on a strip to detect the early secretory antigens ESAT-6 or CFP-10 in the culture of specimens. The MGIT culture tube inoculated with mycobacterium-containing specimens would be reported positive rapidly (5 to 14 days) in the BACTEC MGIT 960 system. After the positive signals appeared, 3 days of further incubation in the system provided more secretory MPB64 or ESAT-6/CFP-10 (7). Our results indicated that this additional 3-day incubation allowed clear positive bands in the ESAT-6/CFP-10 ICA with the MTCcontaining cultures, and false-negatives were therefore reduced (Table 2) . Although longer incubations further reduced the number of false-negatives compared to the initial strip test, the number of false-positives increased, mostly from cultures containing M. kansasii.
There are 23 ESAT-6 family member genes, including esat-6, in M. tuberculosis. Like esat-6, the 21 other family member genes form a gene pair with the CFP-10 family member genes and the proteins are elaborated as CFP-10-like protein/ESAT-6-like protein (3, 10, 11) . CFP-10 and the CFP-10-like proteins show more than 90% amino acid sequence identity, similar to ESAT-6 and ESAT-6-like proteins. In addition to ESAT-6 and CFP-10, at least three ESAT-6-like proteins and five CFP-10-like proteins have been found in culture supernatants of M. tuberculosis (3, 11) , which might contribute to the sensitivity of the ESAT-6/CFP-10 ICA.
The sensitivity and specificity of the ESAT-6/CFP-10 ICA for identification of MTC in the positive BACTEC cultures were 97 and 97.4%, respectively, similar to those of the Capilia assay (96.9 and 98.6%, respectively [19] ). When the ESAT-6/ CFP-10 ICA was combined with cord morphology, the specificity and PPV increased to 100% (Table 2 ). In a previous study, we combined cord morphology with the Capilia assay for identification of MTC in the MGIT tube and also obtained 100% specificity and PPV (19) . Thus, BACTEC cultures that showed cord morphology in cultural smears and were ESAT-6/CFP-10 ICA positive can be reported to contain MTC directly. In BACTEC cultures that were either negative with both assays or positive with one assay and negative with the other assay, the cultures could contain MTC, NTM, or Nocardia spp. Further evaluations, such as traditional biochemical methods, hsp65 PRA, 16S rRNA gene sequencing, or the Capilia assay, were required to determine whether or not the culture contained MTC (Fig. 2) .
The cost of identification with the ESAT-6/CFP-10 ICA (US $4) is less than that with the Capilia assay ($10), AccuProbe ($19), hsp65 or 16S rRNA gene sequencing ($33), or a conventional biochemical test panel ($99). Identification using a conventional biochemical test panel usually takes 26 days on average, whereas identification by the other four methods only takes 3 days or less. The ESAT-6/CFP-10 ICA and Capilia assay are technically the least challenging to perform (14) . The ESAT-6/CFP-10 ICA is slower than the other three molecular methods by 2 to 3 days. The extra 3-day incubation in the BACTEC MGIT 960 system is a limitation of the ESAT-6/ CFP-10 ICA.
Another limitation of the ESAT-6/CFP-10 ICA is its crossreactivity with some NTM-containing cultures. Genes coding for ESAT-6-like proteins and CFP-10-like proteins were demonstrated in M. kansasii, M. marinum, M. szulgai, M. flavescens, M. gastri, and M. smegmatis (22) . According to phylogenetic trees based on sequence alignment of the esat-6 and cfp-10 homologs, M. kansasii subtypes had distinct sequences compared to the esat-6 and cfp-10 sequences of M. tuberculosis, but M. marinum and M. szulgai had more related sequences. Among the 17 cultures containing M. kansasii, only 1 culture was positive in the initial strip test, and it was identified to contain M. kansasii type 6. Nine and seven cultures containing abscessus, respectively, were positive in the initial ICA but negative in the repeat ICA. This might be due to the initial interpretation of a suspected weak positive.
In conclusion, the ESAT-6/CFP-10 ICA can be used for the identification of MTC in BACTEC cultures. The ICA is rapid, easy to perform, and cost-effective. This test could shorten the turnaround time of MTC identification and avoid the complexities of nucleic acid amplification-based identification. However, the ICA is slower than other molecular methods by 2 to 3 days, which is the major limitation of the method. Combination with cord morphology in the cultural smear could increase specificity and avoid false-positives.
